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We study the azimuthal asymmetry (cos2φ) in the Drell–Yan lepton pair production in hadronic
scattering processes at moderate transverse momentum region, taking into account the contributions
from the twist-three quark–gluon correlations from the unpolarized hadrons. The contributions are found
to dominate the asymmetry, and are not power suppressed by q⊥/Q at small q⊥ where q⊥ and Q are
the transverse momentum and invariant mass of the lepton pair. Accordingly, the Lam–Tung relation will
be violated at this momentum region, and its violation depends on the twist-three functions. However, at
large transverse momentum q⊥ ∼ Q , the Lam–Tung relation still holds because all corrections are power
suppressed by Λ2/q2⊥ ∼ Λ2/Q 2 where Λ is the typical nonperturbative scale.
© 2009 Elsevier B.V. Open access under CC BY license. 1. Introduction
Drell–Yan lepton pair production in hadronic scattering process
[1] has been playing a very important role in studying nucleon
structure and QCD dynamics [2], and is an important complemen-
tary to the deep inelastic scattering studies [3]. Moreover, the later
development on the angular distribution of lepton pair has laid
ground for parton model and QCD dynamics studies [4–6]. The lep-
ton pair production in hadronic scattering,
H1 + H2 → γ ∗ + X → +− + X, (1)
comes from the virtual photon decays. At higher energies, we
should also consider the weak boson (Z0) decay contributions. In
this Letter, we will limit our discussions only for the virtual photon
decays. An extension to including Z0 boson decay contributions is
straightforward. In the leading order, virtual photon is produced
through quark–antiquark annihilation process, qq¯ → γ ∗ in the par-
ton picture [1]. In the rest frame of the lepton pair, we can deﬁne
two angles [4]: one is the polar angle θ between one lepton mo-
mentum and the hadron; the azimuthal angle φ is deﬁned as the
angle between the hadronic plane and the lepton plane. Here and
in the following discussions, we follow the Collins–Soper frame
[4] to deﬁne these angles. Our results can be translated to other
frames too. The general expression for the lepton pair angular dis-
tribution can be written as [4],
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dΩ
= (1+ cos2 θ)+ A0
(
1
2
− 3
2
cos2 θ
)
+ A1 sin2θ cosφ + A2
2
sin2 θ cos2φ. (2)
It has been argued [4] that the coeﬃcients A0, A1, and A2 are
all power suppressed at large Q 2, where Q is the invariant mass
of the lepton pair: A0 ∼ A2 ∼ 〈k2⊥〉/Q 2 and A1 ∼ 〈k⊥〉/Q where
k⊥ is the typical transverse momentum scale in the process [4].
As a result, the lepton pair angular distribution will be dominated
by (1 + cos2 θ) in the small transverse momentum region. These
power counting results were generalized to analyze the various
relations between the above coeﬃcients [5]. One of the interest-
ing observations is the so-called Lam–Tung relation [5]: 2ν − (1−
λ) = 0, where λ = (2 − 3A0)/(2 + A0) and ν = 2A2/(2 + A0). Ac-
cording to the above power counting results, this relation is obvi-
ously valid because λ = 1 and ν = 0 at the leading power.
Finite transverse momentum of the lepton pair (q⊥) can be gen-
erated from gluon radiation from the leading partonic process, for
example, through the quark–antiquark annihilation channel qq¯ →
γ ∗g . Its contribution to the lepton pair angular distribution at ﬁ-
nite transverse momentum was found [6],
dN
dΩ
= 3
16π
[
Q 2 + 32q2⊥
Q 2 + q2⊥
+ Q
2 − 12q2⊥
Q 2 + q2⊥
cos2 θ
+
1
2q
2⊥
Q 2 + q2⊥
sin2 θ cos2φ + · · ·
]
, (3)
where the sin2θ term does not have simple expression and has
been omitted in the above equation. Similar expression can be
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momentum, the angular coeﬃcients Ai in Eq. (2) are not zero any
more. However, they do obey the power counting rule. For exam-
ple, the A2 coeﬃcient in Eq. (2) from the contribution in Eq. (3) is
power suppressed by q2⊥/Q 2 at low transverse momentum. How-
ever, the Lam–Tung relation is still valid for any value of q⊥ from
this contribution. This has been regarded as a simple prediction
from QCD [6]. Higher order perturbative corrections to this relation
has been calculated in the literature [7], where it was found that
the violation is numerically very small. These studies have moti-
vated many experimental investigations of the lepton pair angular
distributions in hadronic scattering [8]. In particular, the π induced
ﬁxed target experiment found large cos2φ azimuthal asymmetry,
which is diﬃcult to understand [8,9]. The transverse momentum
dependent quark distribution (the so-called Boer–Mulders func-
tion) was proposed to explain these effects [10], where it was
found that the Lam–Tung relation is violated in the leading order
in 1/Q 2.
Meanwhile, at low transverse momentum, there exist large log-
arithms in terms of αns ln
2n(Q 2/q2⊥) from the ﬁxed order pertur-
bative calculations [11–17]. Resummation of these larger logs has
been formulated for the leading contribution from the partonic
contribution, especially for the Drell–Yan lepton pair and vector
boson production in hadronic scattering [14]. This corresponds to
the leading term in the lepton pair angular distribution (1+cos2 θ)
in Eq. (2). Because the rest terms (Ai) are power suppressed in the
limit q⊥/Q  1, it has been diﬃcult to follow the Collins–Soper–
Sterman resummation method [9,17]. Recently, there have been
much efforts to study the soft gluon resummation for these higher
order terms [16], and hopefully these developments will lead to a
ﬁnal solution to this issue, especially following the original Collins–
Soper–Sterman formalism.
In this Letter, we study the lepton pair azimuthal asymmetry, in
particular for the A2 coeﬃcient in Eq. (2) from different perspec-
tive. We are interested in its behavior at the moderate transverse
momentum region ΛQCD  q⊥  Q . At this region, there are two
large momentum scales q⊥ and Q . The contribution to A2 from
Eq. (3) is power suppressed by q2⊥/Q 2 as we mentioned above.
However, from the following calculations we ﬁnd that there exit
contributions from the twist-three quark–gluon correlation func-
tions from both incident hadrons, which are not power suppressed
by q2⊥/Q 2, instead by Λ2/q2⊥ where Λ is the typical nonperturba-
tive scale. These contribution will dominate A2 coeﬃcient at the
moderate transverse momentum region, depending on the relative
strength of q2⊥/Q 2 and Λ2/q2⊥ .1 More importantly, because they
are not power suppressed by q2⊥/Q 2, the soft gluon resummation
can be performed following the classical Collins–Soper–Sterman
approach, and the resummation effect will be similar to the lead-
ing term of (1 + cos2 θ) (see for example, the similar study in
[18]). We notice that another higher-twist effect from only one
side of the incoming hadrons has also been studied in the liter-
ature [19,20], which are different from our calculations below.
2. Twist-three times twist-three contributions to the lepton pair
azimuthal asymmetry
From the general analysis of twist-three functions of the unpo-
larized hadrons [21,22], we ﬁnd the only twist-three function is
1 From power counting point of view, at this particular order, the new contribu-
tion will dominate in the region of Λ2  q2⊥  ΛQ whereas the contribution from
Eq. (3) will dominate in the region of ΛQ  q2⊥  Q 2. See also the discussions
in [17].T (σ )F (x, y) which is equivalent to E(x, y) studied in the literature
[22,23]. It is deﬁned as
T (σ )F (x1, x2) =
∫
dy−1 dy
−
2
4π
eiy
−
2 (x2−x1)P++iy−1 x1 P+
× 〈P |ψ¯(0−)σ+μgF+μ(y−2 )ψ(y−1 )|P 〉, (4)
where μ is a transverse index, the sums over color and spin in-
dices are implicit, |P 〉 denotes the unpolarized hadron state with
momentum P = (P+,0−,0⊥) and P± = (P0 ± P z)/
√
2, ψ is the
quark ﬁeld, and F+μ the gluon ﬁeld tensor, and the gauge link
has been suppressed. This correlation is a chiral-odd function, and
can generate transverse polarized Hyperon production in unpolar-
ized hadronic collisions [24]. Because of this chirality property, we
have to introduce two correlation functions from both incoming
hadrons.
To calculate its contribution, we follow the procedure outlined
in [21,25], and recent developments for the similar calculations
[26–28]. In the collinear factorization framework, a general factor-
ization formula for the contributions from the above correlation
functions can be written as,
dσ
d4qdΩ
=
∑
q
∫
dxdx′
x
dzdz′
z
T (σ )F ,q (x, x
′)
× T (σ )F ,q¯ (z, z′)H
(
x, x′; z, z′; Q 2,q⊥
)
, (5)
where T (σ )F ,q (x, x
′) is the correlation function associated with the
quark from hadron H1 and T
(σ )
F ,q¯ (z, z
′) for the antiquark from
hadron H2, H is the hard part and can be calculated from per-
turbative partonic process. This factorization formula follows (as
a conjecture) earlier general arguments for the higher-twist con-
tributions to the hadronic cross sections [19,21]. It is very im-
portant to have a rigorous proof for this particular contribution
as written in Eq. (5): the higher-twist effects coming from both
sides of incoming hadrons, which is beyond the situations consid-
ered in [19]. Because of the higher-twist nature, it is always much
more involved to calculate their contributions than those for the
leading-twist contributions like Eq. (3). However, recent develop-
ments [26–28] have laid solid ground and useful technique to carry
out those calculations. In particular, the two variables in T (σ )F will
be ﬁxed by taking pole contributions, or equivalently by calculating
the imaginary part of the interference of the scattering amplitudes.
For example, in the above equation x′ will be equal to x depending
on a soft or hard pole contribution [26–28]. In this Letter, we will
follow the procedure developed in [26–28] to calculate the hard
part in Eq. (5).
First, we notice that the hard partonic part is separately gauge
invariant summing up all possible diagrams. Therefore, we can
carry out the calculations of these contributions with either A+ or
A⊥ ﬁeld connecting the hard and soft parts. A particular example
has been given in [27] for similar calculations. In our calculations,
we ﬁnd that it is more convenient to work the A⊥ part, and con-
struct the ﬁeld tensor accordingly. However, it has been known
that the individual diagrams associated with the A⊥ ﬁeld depend
on the boundary condition, although the ﬁnal results of all dia-
grams contributions do not [29,31]. Further calculations show that
the retarded boundary condition A⊥(y− = −∞) = 0 will greatly
simplify the derivations of Eq. (5). In the following, we will choose
this boundary condition for the gauge ﬁeld A⊥ from both hadrons.
Under this boundary condition, on the other hand, we have to
take into account the contributions from the operator with partial
derivative on the quark ﬁeld (ψ¯∂⊥ψ). This is because, this matrix
element can be related to the quark–gluon correlation function de-
ﬁned in Eq. (5),
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bution from both sides of hadrons: (b)–(c) ∂⊥ and A⊥ from each side; (d) A⊥ from both sides.∫
dy−
4π
eixP
+ y−〈P |ψ¯(0)σ+μi∂⊥μψα(y−)|P 〉
= T (σ )F (x) ≡ T (σ )F (x, x), (6)
with retarded boundary condition for the gauge ﬁeld [30]. There-
fore, for a complete calculations, we have to calculate the dia-
grams associated with the operators (ψ¯∂⊥ψ), together with that
of (ψ¯ A⊥ψ) [21]. For the A⊥ contribution, we can further deduce
its contribution to that of T (σ )F (x1.x2). For example, under the same
boundary condition for the gauge ﬁeld A⊥ , we can write
∫
dy− dy−1
4π
P+eix1 P+ y−ei(x−x1)P+ y
−
1
× 〈P S|ψ¯(0−)σ+μgA⊥μ(y−1 )ψ(y−)|P S〉
= i
x− x1 + i T
(σ )
F (x, x1), (7)
where the pole structure in the second line comes from the partial
integral and the i prescription depends on the retarded boundary
condition we are using. If we choose different boundary condi-
tion, this prescription shall change accordingly [30]. We have also
checked that the above procedure can reproduce all previous re-
sults [26–28].
Following the above arguments, we plot the generic Feynman
diagrams contributions in Fig. 1, where (a) is the contribution from
∂⊥ operators from both sides of hadrons; (b)–(c) are those dia-
grams with ∂⊥ and A⊥ on either side; (d) for A⊥ from both sides.
There are four diagrams for Fig. 1(a), 12 diagrams for Fig. 1(b) and
(c) respectively, and 208 diagrams for Fig. 1(d). As we mentioned
above, in this Letter we are interested in the cross section contri-
butions in the moderate transverse momentum region q⊥  Q . In
carrying out these calculations, we will utilize the power counting
method. We will only keep the leading power contributions and
neglect all higher power corrections in terms of q⊥/Q . The full
expressions of our results will be presented in a separate publica-
tion. The advantage to use the retarded boundary condition is thatwe ﬁnd that at the leading power, the contributions from the di-
agrams of Fig. 1(d) are either power suppressed or canceled out
between soft and hard poles [30]. We are left with the contribu-
tions from Fig. 1(a)–(c) only, which are relatively easier to work
out. In the limit of q⊥  Q , the ﬁnal result is
dσ
d4qdΩ
= σ0 sin2 θ cos(2φ) 2
q4⊥
αs
2π2
∑
q
e2q
×
∫
dx
x
dz
z
{
AT (σ )F ,q¯ (z, z)δ(ξˆ − 1) + A¯T (σ )F ,q (x, x)δ(ξ − 1)
+ 2CF δ(ξ − 1)δ(ξˆ − 1)T (σ )F ,q (x, x)T (σ )F ,q¯ (z, z) ln
Q 2
q2⊥
}
, (8)
where σ0 = α2em/6SQ 2, ξ = x0/x, ξˆ = z0/z with x0 = Q√S ey and
z0 = Q√S e−y , and y is the rapidity of the lepton pair in the cen-
ter of mass frame of incoming two hadrons and S is the hadronic
center of mass energy square. The coeﬃcient A is deﬁned as
A = 1
2Nc
{[
x
∂
∂x
T (σ )F ,q (x, x)
]
2ξ + T (σ )F ,q (x, x)
2ξ(ξ − 2)
(1− ξ)+
}
+ CA
2
T (σ )F ,q (x, x0)
2
(1− ξ)+ , (9)
and similar expression holds for A¯ in the above equation. These
diagrams (Fig. 1) also contribute to other terms including A0 and
A1 in Eq. (2), but they are all power suppressed by q2⊥/Q 2. From
the above equations, we can see that this contribution to A2 coef-
ﬁcient is not power suppressed by q2⊥/Q 2 at moderate transverse
momentum region. It is the same order as the (1+ cos2 θ) term in
this power counting. Of course, it is suppressed by Λ2/q2⊥ because
of the higher-twist nature. This can also be seen from the above
expression.
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by a transverse momentum dependent (TMD) factorization for-
malism [29,31–36] with the Boer–Mulders function from both
hadrons [37,38] at large transverse momentum which has been
calculated in [24] and the following relation: T (σ )F (x, x) =∫
d2k⊥ |k⊥|
2
Mp
h⊥1,DY(x,k2⊥) [33] where h⊥1,DIS is the Boer–Mulders func-
tion in the Drell–Yan process. This demonstrates that in the inter-
mediate transverse momentum region, for this part contribution,
the twist-three times twist-three collinear factorization approach
and the TMD factorization approach are consistent for the cos(2φ)
azimuthal asymmetry in the unpolarized Drell–Yan processes. This
is a nontrivial demonstration, because it goes beyond previous
examples studied in the literature [28] where the twist-three
effect from only one side of the incoming hadrons was consid-
ered. Because of this consistency, the energy evolution equation
[13] (the Collins–Soper evolution equation) can be derived for
this contribution, and the soft gluon resummation can be accord-
ingly performed. This will signiﬁcantly change the relative sizes of
this contribution and the contribution from Eq. (3) to the cos2φ
asymmetry. We will leave a detailed study in a separate publica-
tion [30].
3. Conclusion
We have the following results for the angular distribution of the
Drell–Yan lepton pair production in hadronic reactions,
• At moderate transverse momentum, A2 is in order of 1, A0
is power suppressed by q2⊥/Q 2. As a result, the Lam–Tung
relation will be violated because λ is 1 whereas ν is order
of 1. Of course this violation will depend on the sizes of
the twist-three correlation function T (σ )F from both incoming
hadrons. Furthermore, soft gluon resummation will not change
the power counting result for A2, because the leading order
TMD factorization leads to the same resummation pattern sim-
ilar to that discussed in [14], which is important to understand
the angular distributions of the lepton pair at this momentum
region [9].
• At large transverse momentum q⊥ ∼ Q , however, both A0 and
A2 are in order of 1, and they are dominated by the contri-
bution from the unpolarized quark and antiquark annihilation
contribution Eq. (3). The contributions we calculated this Let-
ter are suppressed by Λ2/q2⊥ ∼ Λ2/Q 2. Because of this, the
Lam–Tung relation will be valid again.
The cos2φ asymmetry Eq. (8) which corresponds to the A2 co-
eﬃcient in Eq. (1) depends on the twist-three quark–gluon correla-
tion functions T (σ )F from both incoming hadrons. In the following,
we would like to comment on the general feature of these contri-
butions, and will leave the quantitative studies in the future. First,
similar to the twist-three function T F (the Qiu–Sterman matrix el-
ement) which contributes to the single transverse spin asymmetry
in inclusive hadron production in pp collisions [25], we expect
that T (σ )F will have the valence-type behavior [25,26]. From this
assumption, we ﬁnd that the cos2φ asymmetry for the Drell–Yan
lepton pair production in πN scattering will be larger than that
in pN collision. This is because in the πN scattering process both
quark and antiquark associated twist-three functions T (σ )F can be
in the valence region (for example, the quark twist-three from the
nucleon and antiquark twist-three from π ), whereas in the pN
process only one of the twist-three functions is in the valence re-
gion and the other one has be to in the sea (antiquark associated
twist-three function from the nucleon). This prediction is in quali-
tative agreement with the experimental observations [8].We also notice that a dipole formalism for the Drell–Yan pro-
cess has been investigated in [39], where the violation of Lam–
Tung relation due to λ = 1 in the angular distribution dσ ∝ 1 +
λ cos2 θ was studied. This framework may have nontrivial predic-
tions for the cos2φ azimuthal asymmetry as well, which however
was not included in the analysis [39]. A comparison between our
predictions and theirs shall provide further information on the
mechanism for the azimuthal asymmetry in the Drell–Yan lepton
pair production in hadronic processes. We will address these issues
in the future.
In summary, we have investigated the higher-twist effects to
the Drell–Yan lepton pair angular distributions in hadron–hadron
scattering processes. We found that the twist-three times twist-
three contributions to the cos2φ azimuthal asymmetry contribu-
tion are not power suppressed by q2⊥/Q 2, rather by Λ2/q2⊥ at the
moderate transverse momentum. We further argue that this part
of contribution will not be affected by the soft gluon resumma-
tion effects, and the Lam–Tung relation will be modiﬁed at small
and moderate transverse momentum. It will be interested to com-
pare our predictions with the experimental data [8] and check the
phenomenological importance of our results, and extend to other
processes like the cos2φ asymmetry in semi-inclusive hadron pro-
duction in deep inelastic scattering and back-to-back two hadron
production in e+e− annihilation processes where the similar ef-
fects shall play very important roles.
Acknowledgements
We thank Jianwei Qiu and Werner Vogelsang for interesting
discussions. This work was supported in part by the US Depart-
ment of Energy under contract DE-AC02-05CH11231 and the Na-
tional Natural Science Foundation of China under the approval
No. 10525523. We are grateful to RIKEN, Brookhaven National
Laboratory and the US Department of Energy (contract number
DE-AC02-98CH10886) for providing the facilities essential for the
completion of this work. J.Z. is partially supported by China Schol-
arship Council.
References
[1] S.D. Drell, T.M. Yan, Phys. Rev. Lett. 25 (1970) 316;
S.D. Drell, T.M. Yan, Phys. Rev. Lett. 25 (1970) 902, Erratum.
[2] R. Brock, et al., CTEQ Collaboration, Rev. Mod. Phys. 67 (1995) 157.
[3] E.D. Bloom, et al., Phys. Rev. Lett. 23 (1969) 930;
M. Breidenbach, et al., Phys. Rev. Lett. 23 (1969) 935.
[4] J.C. Collins, D.E. Soper, Phys. Rev. D 16 (1977) 2219.
[5] C.S. Lam, W.K. Tung, Phys. Rev. D 18 (1978) 2447;
C.S. Lam, W.K. Tung, Phys. Lett. B 80 (1979) 228;
C.S. Lam, W.K. Tung, Phys. Rev. D 21 (1980) 2712.
[6] J.C. Collins, Phys. Rev. Lett. 42 (1979) 291.
[7] E. Mirkes, J. Ohnemus, Phys. Rev. D 51 (1995) 4891.
[8] See for example, J.S. Conway, et al., Phys. Rev. D 39 (1989) 92;
L.Y. Zhu, et al., FNAL-E866/NuSea Collaboration, Phys. Rev. Lett. 99 (2007)
082301;
L.Y. Zhu, et al., arXiv:0811.4589 [nucl-ex].
[9] P. Chiappetta, M. Le Bellac, Z. Phys. C 32 (1986) 521.
[10] D. Boer, Phys. Rev. D 60 (1999) 014012.
[11] Y.L. Dokshitzer, D. Diakonov, S.I. Troian, Phys. Lett. B 78 (1978) 290;
Y.L. Dokshitzer, D. Diakonov, S.I. Troian, Phys. Rep. 58 (1980) 269.
[12] G. Parisi, R. Petronzio, Nucl. Phys. B 154 (1979) 427.
[13] J.C. Collins, D.E. Soper, Nucl. Phys. B 194 (1982) 445.
[14] J.C. Collins, D.E. Soper, G. Sterman, Nucl. Phys. B 250 (1985) 199.
[15] D. Boer, W. Vogelsang, Phys. Rev. D 74 (2006) 014004.
[16] E.L. Berger, J.W. Qiu, R.A. Rodriguez-Pedraza, Phys. Lett. B 656 (2007) 74;
E.L. Berger, J.W. Qiu, R.A. Rodriguez-Pedraza, Phys. Rev. D 76 (2007) 074006.
[17] A. Bacchetta, D. Boer, M. Diehl, P.J. Mulders, JHEP 0808 (2008) 023.
[18] A. Idilbi, X. Ji, J.P. Ma, F. Yuan, Phys. Rev. D 70 (2004) 074021.
[19] J.W. Qiu, G. Sterman, Nucl. Phys. B 353 (1991) 105;
J.W. Qiu, G. Sterman, Nucl. Phys. B 353 (1991) 137.
268 J. Zhou et al. / Physics Letters B 678 (2009) 264–268[20] V. Braun, R.J. Fries, N. Mahnke, E. Stein, Nucl. Phys. B 589 (2000) 381;
V. Braun, R.J. Fries, N. Mahnke, E. Stein, Nucl. Phys. B 607 (2001) 433, Erratum.
[21] R.K. Ellis, W. Furmanski, R. Petronzio, Nucl. Phys. B 212 (1983) 29;
R.K. Ellis, W. Furmanski, R. Petronzio, Nucl. Phys. B 207 (1) (1982).
[22] R.L. Jaffe, X.D. Ji, Nucl. Phys. B 375 (1992) 527.
[23] J. Zhou, F. Yuan, Z.T. Liang, Phys. Rev. D 79 (2009) 114022.
[24] J. Zhou, F. Yuan, Z.T. Liang, Phys. Rev. D 78 (2008) 114008.
[25] J.W. Qiu, G. Sterman, Phys. Rev. Lett. 67 (1991) 2264;
J.W. Qiu, G. Sterman, Nucl. Phys. B 378 (1992) 52;
J.W. Qiu, G. Sterman, Phys. Rev. D 59 (1998) 014004.
[26] C. Kouvaris, J.W. Qiu, W. Vogelsang, F. Yuan, Phys. Rev. D 74 (2006) 114013.
[27] H. Eguchi, Y. Koike, K. Tanaka, Nucl. Phys. B 752 (2006) 1;
H. Eguchi, Y. Koike, K. Tanaka, Nucl. Phys. B 763 (2007) 198.
[28] X. Ji, J.W. Qiu, W. Vogelsang, F. Yuan, Phys. Rev. Lett. 97 (2006) 082002;
X. Ji, J.W. Qiu, W. Vogelsang, F. Yuan, Phys. Rev. D 73 (2006) 094017;
X. Ji, J.W. Qiu, W. Vogelsang, F. Yuan, Phys. Lett. B 638 (2006) 178.[29] X. Ji, F. Yuan, Phys. Lett. B 543 (2002) 66;
A.V. Belitsky, X. Ji, F. Yuan, Nucl. Phys. B 656 (2003) 165.
[30] J. Zhou, F. Yuan, Z.T. Liang, in preparation.
[31] S.J. Brodsky, D.S. Hwang, I. Schmidt, Phys. Lett. B 530 (2002) 99;
S.J. Brodsky, D.S. Hwang, I. Schmidt, Nucl. Phys. B 642 (2002) 344.
[32] J.C. Collins, Phys. Lett. B 536 (2002) 43.
[33] D. Boer, P.J. Mulders, F. Pijlman, Nucl. Phys. B 667 (2003) 201.
[34] X. Ji, J.P. Ma, F. Yuan, Phys. Rev. D 71 (2005) 034005;
X. Ji, J.P. Ma, F. Yuan, Phys. Lett. B 597 (2004) 299.
[35] J.C. Collins, A. Metz, Phys. Rev. Lett. 93 (2004) 252001.
[36] P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 461 (1996) 197;
P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 484 (1997) 538, Erratum.
[37] D. Boer, P.J. Mulders, Phys. Rev. D 57 (1998) 5780;
D. Boer, S.J. Brodsky, D.S. Hwang, Phys. Rev. D 67 (2003) 054003.
[38] A. Metz, P. Schweitzer, T. Teckentrup, arXiv:0810.5212 [hep-ph].
[39] B.Z. Kopeliovich, J. Raufeisen, A.V. Tarasov, Phys. Lett. B 503 (2001) 91.
